Purpose: To provide imaging biomarkers of generalized spike-and-wave discharges (GSWD) in
INTRODUCTION
Glucose transporter type I deficiency syndrome (GLUT1DS) is a treatable encephalopathy, caused by a defect of glucose uptake, mediated by GLUT1, at the blood brain barrier and into brain cells This study is the first investigation of the brain networks involved in the generation of GSWD in GLUT1DS by means of EEG co-registered with fMRI (EEG-fMRI). In particular, we aimed to isolate the BOLD correlates of GSWD in GLUT1DS with respect to the ones typically observed in 
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MATERIALS AND METHODS

Patients
Eighteen Italian GLUT1DS patients (mean age 19,22 years; range 6-43 years; 12 females) were enrolled from September 2012 to March 2015. The recruited subjects fulfilled the clinical criteria for diagnosis of GLUT1DS (Pearson et al., 2013 ) and all but one presented pathogenic mutations in SLC2A1 gene ( Table 1) .
The clinical, molecular methods and genetic features of this GLUT1DS cohort have been . Briefly, mutation analysis of all exons and intron-exon boundaries of SLC2A1 was performed on genomic DNA by direct sequencing. Each fragment was sequenced on both strands. The effect of the newly detected SLC2A1 mutations on protein structure or function was analyzed with the prediction programs ExPASy (http://www.expasy.org).
The mean age at diagnosis was 16,2 ±11,1 years. Structural MRI scan (3T) was normal in all cases.
All patients but 2 (#6; #18) experienced epileptic seizures (mean age of seizure onset was 34 ± 21 months). The most representative seizure's type was AS (10 out of 18 patients) followed by generalized tonic-clonic and myoclonic seizures. Notably, four patients had AS alone and one patient had myoclonic seizures without movement disorders. Eleven out of 18 GLUT1 subjects presented complex movement disorders, like ataxia, dystonia, chorea and paroxysmal exerciseinduced dyskinesia. An intellectual impairment of variable degree was detected in 8 patients (according to the Diagnostic and Statistical Manual of Mental Disorders-DSM V). The rest of the sample displayed normal intellectual abilities, although for most of them the IQ was in the low range of normality. Seven out of the patients were on ketogenic diet either at different regimens alone (patients #4, #6, #11) or in combination with antiepileptic drugs (#2, #8, #10, #18).
A group of 18 patients with GGE served as control (mean age 24,88 years; range 5-48 years; 12 females). Patients were extracted from our database of GGE patients who underwent an EEG-fMRI
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EEG with fMRI recordings and analysis
Video-EEG signals have been recorded by means of a 32 channels MRI compatible EEG recording system (Micromed, Italy). Patients were asked to rest with eyes closed and keep still. All recordings were performer in the early afternoon. Sedation was never used. After the fMRI acquisitions, both GLUT1DS and GGE patients were interviewed for discomfort or any clinical, even subjective, ictal events while scanning.
fMRI data (30 axial slices, TR/TE=3000/50ms) have been acquired using a 3T scanner (Philips) over three 10-min sessions (200 volumes/session) with continuous simultaneous Video-EEG recording. A high-resolution T1-weighted anatomical image was obtained for anatomical reference (170 sagittal slices, TR/TE= 9.9/4.6ms).
After offline correction of the gradient artifacts and filtering of the EEG signal (Allen et al., 2000), the EEG data were reviewed and pre-processed according to our previous published method ( Avanzini et al., 2014; Ruggieri et al., 2015) . Two experienced electroencephalographers reviewed the pre-processed EEG recordings independently (A.R., P.V.) in order to identify GSWD. After [six scan realignments parameters from image pre-processing and a Volterra expansion of these (Friston et al., 1996) ] were included in the model as confounds.
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First level analysis
Maps of the t-statistic were created using the timing of the GSWD as events (stick functions or blocks) within the General Liner Model (GLM) framework. In case of blocks, the duration of GSWD was specified. All regressors were convolved with the canonical hemodynamic response function (HRF) plus its temporal and dispersion derivatives (Lemieux et al., 2008).
Group level analysis
The effect of GSWD at the group level was tested for GLUT1DS and GGE patients separately by means of the fixed-effect or the random approach as appropriate (Friston et al., 1999) . When using the fixed-effect model, a conjunction analysis of the BOLD increases and decreases effects for all the subjects was done with global null hypothesis, to evaluate whether the selected congruent contrasts were consistently high and jointly significant (Friston et al., 1999 
(p<0.001, uncorrected). In these cases, an additional threshold of 5-voxels extent was applied in order to discard BOLD changes occurring in scattered voxels. The fMRI t-maps were superimposed on the canonical T1-weighted images as implemented in SPM8.
Subsequently, we compared the BOLD changes obtained in the two populations in order to isolate the GSWD-related hemodynamic patterns specific of the two epileptic conditions. To this end, 10 age and sex matched GGE patients were extracted from the whole GGE sample (patient #7, #9, #10, #11, #12, #13, #14, #15, #17, #18). Within this subgroup, a total number of 149 GSWD were recorded (mean duration 4,59 seconds). A single fixed effect analysis that included both groups in one matrix (10 GLUT1DS and 10 GGE) was performed. The GSWD effect across the 10 GGE patients was obtained using fixed effect approach with conjunction analysis (Friston et al., 1999) similar to what previously described for GLUT1DS. Further, we explored the differences by applying an exclusive masking procedure between the conjunction contrasts each related to the specific patients' populations. In details, to isolate the brain regions that were significantly involved in the main effect "GSWD>baseline" in GLUT1DS population but not in the main effect "GSWD>baseline" in GGE, the conjunction contrast "GSWD>baseline" in GLUT1DS was exclusively masked by the mask conjunction contrast "GSWD>baseline" in GGE . By counterpart, to isolate the brain regions exclusively activated by GSWD in GGE, the conjunction contrast "GSWD>baseline" in GGE was exclusively masked by the conjunction contrast "GSWD>baseline" in GLUT1DS. SPM exclusive masks were thresholded at p<0.05 uncorrected, whereas the contrasts to be masked were thresholded at p<0.001. In this way, those voxels that reached a level of significance at p<0.05 in the mask contrast were excluded from the analysis.
Finally, for the GLUT1DS patient group only, we performed additional whole brain second-level correlations analyses between the contrast (GSWD) and the main clinical measurements including:
age (years); age at seizure onset (months); total IQ; glycorrhachia values (mg/dl) and the CSF / plasma glucose ratio at the time of diagnostic workup. We also explored the effect of the ketogenic diet (KD) on the GSWD-related BOLD changes. Indeed, five GLUT1DS patients (#6, #8, #10, #11,
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Vaudano et al., 9 #18) were on KD (alone or with antiepileptic treatment-AED) (KD+) at the time of the fMRI study, while the remaining were naïve (#13) or only under AED (#3, #5, #9, #17) (KD-). In a separate analysis, we have performed a conjunction analysis, based on the fixed effect model, of the GSWDrelated T contrast in the KD+ subgroup and then we compared this effect with the one obtained in KD-. The differences were explored by applying an exclusive masking procedure at a threshold of p<0.05, uncorrected for multiple comparisons.
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RESULTS
EEG findings during fMRI.
In GGE, EEG during fMRI shown symmetric and synchronous generalized 3-4 Hz SWD in all the patients. A total of 293 events (mean of 17 events per subject) were acquired, from a minimum of three GSWD in subject #8 and #12, to a maximum of 47 events in subject #15. The duration of GSWD ranged from 1 seconds to 15 seconds, with a mean duration across subjects of 4.2 seconds (see Table 2 ). The GSWD occurrence was not accompanied by clinical manifestations, even subjective, in any patients.
In GLUT1DS, EEG during fMRI revealed SWD in 10 subjects. Six patients (#3, #5, #6, #9, #11, #17) presented 3-4 Hz diffuse spike-and-waves discharges; four patients showed more focal discharges over the bilateral frontal leads (#8, #10, #13, #18). A total number of 152 SWD were recorded (range: 6-28). The duration of GSWD ranged from one seconds to 18 seconds, with a mean duration across GLUT1DS of 4,31 seconds (see Table 3 ). For both GLUT1DS and GGE populations, the absence of clinical events (seizure and movement disorder) was verified by either the inspection of the Video recorded simultaneously during fMRI acquisitions and the post-scanning individual patient's interview. Table 3 summarizes the fMRI findings at single subject level. GSWD-related hemodynamic changes were distributed homogenously across patients, revealing the involvement of the same cortico(frontal)-subcortical(basal ganglia) network. In particular, all GLUT1DS demonstrated
GSWD related BOLD changes in GLUT1DS
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Vaudano et al., 11 BOLD changes at a frontal network, encompassing premotor (prefrontal cortex, supplementary motor area-SMA, cingulate cortex) (9 patients) and motor brain regions (5 subjects). The frontal BOLD response was positive in all the cases except four patients (#6, #8, #13, #18). Subcortical positive hemodynamic changes were mainly confined at the basal ganglia (putamen) At the group-level, fixed effect analysis (p<0.05 corrected for FWE) showed BOLD positive changes over the bilateral premotor cortex (global maxima-GM) (Brodmann Area-BA9), precuneus (BA7), inferior frontal gyrus (BA46) and SMA (BA6), while decreases involved the bilateral motor cortex (BA2) and the pericentral lobule (BA5) (Figure 2A) . At a less conservative threshold (p<0.001 uncorrected) a bilateral thalamic deactivation was detected. The conjunction analysis (p<0.001 uncorrected) revealed commonalities in BOLD signal increases between the ten subjects in the bilateral premotor cortex (GM) and right putamen; negative BOLD changes were detected in the thalamus, primary motor cortex, inferior frontal gyrus. The BOLD increase in the premotor cortex survived at a more conservative threshold (p<0.05 corrected for FWE) ( Figure 2B ).
GSWD-related BOLD changes in GGE.
At the group level (n. of patients=18), random effect analysis (p<0.05 corrected for FWE) revealed BOLD signal increases in the bilateral thalami (GM) and cerebellum, while negative changes were observed in the posterior part of the Default Mode Network (DMN) encompassing the bilateral precuneus (BA7), and inferior parietal lobule (BA40) (Supplementary Figure 1) . When the analysis was limited to 10 GGE, the conjunction approach based on the fixed-effect model revealed commonalities in BOLD signal increases in the bilateral thalami (more right) and cerebellum.
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GLUT1 versus GGE.
GLUT1DS patients demonstrated during GSWD increased neuronal activity in the bilateral putamen, precuneus, middle cingulate cortex, right SMA and right paracentral lobule, while GGE do not ( Figure 3A) . On the contrary, no GGE-exclusive GSWD-BOLD correlates were observed at the considered threshold.
Correlations between BOLD signal and clinical measures.
Whole-brain correlation analyses using individual clinical characteristics of the GLUT1DS patients As far as the fMRI analyses, the results of our work are innovative for two main aspects. Firstly, the observed BOLD findings allowed delineating a well-defined network of cortical-subcortical regions that are involved in the generation of GSWD in GLUT1DS. The results at the second level analysis
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Vaudano et al., 14 showed an increase BOLD signal, and hence an increased neuronal activity, in the premotor-striatal network (bilateral premotor cortex, SMA, anterior cingulate and basal ganglia) and a simultaneous reduced metabolic demand of the motor cortex and thalamus. Notably, the analysis of single-subject GSWD-related BOLD changes was consistent with the group results as most of the patients showed significant BOLD changes within the premotor-basal ganglia circuit (see Table 3 ). The altered metabolism of thalamus and cortico-striatal pathways found in our patients speaks to the severe abnormality of this functional system and leads us to hypothesize that it constitutes the central epileptogenic substrate in GLUT1DS.
As second main result, our findings shown that the BOLD dynamics related to GSWD in The consistency of 3-4 Hz GSWD associated hemodynamic changes in GGE across studies, further support that the mechanisms subserving GSWD generation in GLUT1DS involve different neural dynamics. The irregular and slower phenotype of GSWD in GLUT1DS might partially explain these BOLD differences. Nevertheless, previous evidences failed to detect specific hemodynamic
Vaudano et al., 15 pattern linked to different GGE subgroups, independently to the morphology and length of GSWD excitability of striatal-thalamo-(frontal)cortical pathway, which is the consequence of a defect in glucose transport across the blood-brain barrier, subserves the generation of both epileptic activity and PED. Given the lack of movement disorders during fMRI, this conclusion remains speculative and warrants further investigations to be confirmed.
The pathogenic role of low CSF glucose to determine GLUT1DS phenotype, including seizures, has been objected of intense speculations . The primary mechanism in GLUT1 deficiency seems represented by a reduced substrate delivery rather than altered membrane excitability as observed in channelopathies . Furthermore, most likely, there is
Vaudano et al., 17 reduced availability of interstitial medium glucose to both astrocytes and neurons, the former of which rely on GLUT1 for their glucose uptake, unlike neurons that utilize the transporter GLUT3 ). In line with this proposed mechanism, our findings indicate an opposite BOLD response in the thalamus (negative change) and cortico-striatal circuit (positive change). We might hypothesize that the reduced metabolic activity of the thalamic regions leads to a change in the activity of the connected cortico-striatal areas, resulting in their reduced inhibition and hence hyperexcitation. Certainly, given the limited sample of patients investigated, further studies are needed to replicate our findings on a larger cohort of GLUT1DS subjects.
Study Limitations
The major limitation of this study is related to the number of the investigated subjects, which is justified by the rarity of this genetic disorder. This limitation might lead to caution in generalizing the results outside of the group of subjects analyzed. The fixed effect approach applied within the GLUT1DS cohort and between the GLUT1DS and GGE, allows to make a comment about the specific subjects studied (only those) but it cannot be used to obtain an inference at the population level. However, by using a conjunction approach, based on the fixed-effect model, we were able to
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Vaudano et al., 18 infer that at least some proportion of the population from which the patients came show this effect (Friston et al., 1999) , i.e. to extend our speculations to the general GLUT1DS population.
Conclusions
In conclusion, our study provides new findings on the epileptic networks subserving epilepsy in GLUT1 deficiency syndrome. Several question, however, are unanswered and should be addressed by future studies investigating both microstructural abnormalities in GLUT1 patients with milder form of the disease, as well as the integrity or alteration of resting-state networks subserving motor and cognitive functions. Panel A: the main effect conjunction contrast "GSWD>baseline" in GLUT1DS was exclusively masked by the mask conjunction contrast "GSWD>baseline" in GGE, at a threshold of p<0.05, uncorrected for multiple comparison. GSWD-related BOLD signal increases specific to GLUT1DS
were detected at the bilateral putamen, precuneus (BA31), middle cingulate cortex (BA32), SMA (BA6) and right paracentral lobule (BA5). Clusters of activation are overlaid on the canonical T1-weighted structural scan. A C C E P T E D M A N U S C R I P T 
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A C C E P T E D M A N U S C R I P T Table 3 : FMRI results are displayed using a threshold set at p<0.05 corrected for FWE and p<0.001 uncorrected if no BOLD changes were detected at the more conservative statistical inference (the results obtained using a p<0. -First report describing the epilepsy-related hemodynamic patterns in GLUT1DS.
-The revealed BOLD maps can represent GLUT1DS imaging biomarkers.
-The premotor-striatal network generates the GSWD in GLUT1DS.
-The glycorrhachia at diagnosis influences the epilepsy-related BOLD maps.
